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Abstract 
The modulating effects of exl:racellular Mg 2+ concentration ([Mg 2+ ]o) on vascular contraction are well known. In the present study it 
was tested how the changes in cytosolic free Ca 2+ concentration ([Ca2+] i) induced by various agonists are modified by changes in 
[Mg 2+ ]o- Extracellular Mg 2÷ deprivation increased the [Ca 2÷ ]i response to arginine vasopressin, to angiotensin II and to thapsigargin, 
but not to 5-hydroxytryptamine and noradrenaline. Withdrawal of extracellular Ca 2+ revealed that extracellular Mg 2+ deprivation 
increased Ca 2+ influx, but not Ca 2+ release from cellular stores. The findings demonstrate hat different responses of [Ca2+] i to agonists 
may underlie the modulating effect of [Mg 2+ ]o on vascular contraction. 
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1. Introduction 
There is ample evidence to suggest that extracellular 
Mg 2÷ concentration is important in the regulation of vas- 
cular tone [1]. The modulating effects of extracellular 
Mg 2÷ concentration ([Mg2÷] o) may also .be of clinical 
relevance, since cellular Mg 2÷ depletion has been impli- 
cated in the pathogenesis of essential, experimental and 
alcohol-induced hypertension [1-3]. Extracellular Mg 2÷ 
apparently affects vascular tone by changing cellular Ca 2 ÷ 
handling rather than by changing intracellular Mg 2÷ con- 
centration [4], although cytosolic free Mg 2÷ concentration 
in vascular smooth muscle cells may vary in parallel with 
[Mg2+] o [5]. Extracellular IVIg 2+ deprivation is known to 
increase vascular tone and to enhance the vasoconstrictive 
effects of vasoactive hormones such as angiotensin II, 
noradrenaline or serotonin [6,7]. 
The effects of Mg 2÷ oil vascular tone may include 
Ca 2+ antagonistic actions at various sites as well as direct 
effects on contractile mechanisms [8]. Therefore, it was 
examined whether the enhancement of agonist-induced 
vascular smooth muscle contraction is mediated by cellular 
Ca 2+ handling. The study showed that the response of 
cytosolic free Ca 2+ concentration ([Ca2+]i) to some but 
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not all agonists is potentiated by extracellular Mg 2+ depri- 
vation and that Ca 2+ influx modulation is the main mecha- 
nism. 
2. Materials and methods 
All experiments were carded out using vascular smooth 
muscle cells (VSMC) from rat thoracic aortas isolated 
from 6-month-old male Wistar-Kyoto rats (WKY, systolic 
blood pressure 116_  3 mmHg). VSMC were cultured 
according to previously described methods [9,10]. Separate 
experiments confirmed recent reports that resting [Ca2+]i 
in cultured VSMC were not significantly different in these 
passages [11]. To ascertain that cultured cells were VSMC, 
immunocytochemical localization of smooth muscle- 
specific a-actin was carded out using monoclonal antibod- 
ies ASM-1 (Progen, Heidelberg, Germany) raised against 
smooth muscle a-actin and labeled with a fluorescence 
marker [12]. Staining of cultured VSMC from SHR and 
WKY with that antibody revealed that all cells in the 
preparation were labeled, and actin stress fibers were seen 
throughout the cytosol. Thereby it was confirmed that 
cultured VSMC were free from contamination with en- 
dothelial cells or fibroblasts. A viability of VSMC higher 
than 95% was observed by trypan blue exclusion. Cells 
were made quiescent by incubation in serum-free medium 
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containing 0.1% bovine serum albumin, 100 U/ml  peni- 
cillin and 100 p,g/ml streptomycin for 48 h prior to 
[ Ca2+ ]i measurements. 
Measurements of [Ca2+] i were performed using the 
calcium-sensitive dye fura-2 as described by Grynkiewicz 
et al. [13] and Williams et al. [14] using monolayers of 
VSMC grown on round coverslips with a diameter of 13 
mm according to the method of Capponi et al. [15] and 
Okada et al. [16]. Briefly, a stock solution of 1-[2-(5- 
carboxyoxazol-2-yl)-6-aminobenzofuran-5-oxy]-2-(2'-ami- 
no-5' -methylphenoxy)-ethane-N,N,N'N'-tetraacet ic  acid,
pentaacetoxymethyl ester (fura-2-AM) at a final concentra- 
tion of 1 mmol/1 was prepared in dimethylsulfoxide. 
VSMC were washed twice in physiological salt solution 
(PSS, containing in mmol/ l :  NaCI 135, KC1 5, CaC1 e 1, 
MgC12 1, D-glucose 5.5, N-2-hydroxyethyl-piperazine-N'- 
2-ethanesulfonic a id (Hepes) 10, pH 7.4) and then incu- 
bated for 60 min at 37°C with 0.5 /zmol/1 fura-2-AM. At 
the end of the loading period the coverslips were washed 
twice in PSS and inserted into quartz glass cuvettes with 2 
ml PSS. After loading of the cells with fura-2 the experi- 
ments were continued only when a viability higher than 
95% was observed by trypan blue exclusion. The fluores- 
cence intensity of fura-2-1oaded VSMC was measured at 
37°C using a spectrofluorophotometer RF-5001 PC 
(Shimadzu, Tokyo, Japan) equipped with a thermostati- 
cally controlled cuvette holder, and with intracellular cal- 
cium measurement software (Shimadzu). The complete 
intracellular hydrolysis of fura-2-acetoxymethylester to 
fura-2 was judged by changes in the excitation and emis- 
sion spectra. 
The fluorescence of fura-2 was measured using a data 
sampling interval of 0.5 s with alternate xcitation wave- 
lengths of 340 nm and 380 nm (bandwidth 5 nm), and 
emission was collected at 510 nm (bandwidth 5 nm). 
Autofluorescence was measured in similar cells which had 
not been loaded with fura-2-AM and was less than 5% of 
the total fluorescence of fura-2-1oaded VSMC. After the 
subtraction of autofluorescence for each wavelength, the 
ratio (R) of the measured fluorescence values at 340 nm 
and 380 nm excitation was calculated [13,14]. The ratio 
method eliminates the variation due to instrumental fluctu- 
ations and changes in the dye content of the cells, e.g. due 
to bleaching or leakage [17]. The V34onm/F38on m excitation 
ratio of resting VSMC remained constant during the whole 
experiment, indicating a stable resting [Ca2+]i in VSMC. 
Calibration of the fluorescence signal in terms of [Ca2+]i 
was performed with digitonin and ethyleneglycol-bis- 
aminoethylether-tetraacetic acid (EGTA) at the end of each 
measurement. 1 mmol/ l  digitonin and 5 mmol/ l  EGTA 
were sequentially added to determine the maximum (Rmax) 
and the minimum (Rmin) of the F340nm//F38onm excitation 
ratio, respectively. Control experiments confirmed that 
further increase of the digitonin or EGTA concentration 
had no effect on Rma x or Rmin, respectively. [Ca2+]i was 
calculated using a dissociation constant 224 nmol/1 fol- 
lowing the equation by Grynkiewicz et al. [13]. Leakage 
during the measurement was less than 4% of the total 
fluorescence as observed by quenching external fluores- 
cence with 100 /zmol/1 MnCI: as described elsewhere 
[18]. 
Chemicals were from Sigma (Deisenhofen, Germany) 
unless indicated otherwise. Ca2+-free medium contained 5
mmol/1 EGTA at pH 7.4. Angiotensin II and arginine 
vasopressin (AVP) were used at concentrations of 100 
n ol/1, noradrenaline and serotonin at concentrations of 1 
/zmol/1. Thapsigargin was administered ata concentration 
of 500 nmol/1. The autofluorescence and external pH were 
not affected by addition of the agonists used. Separate 
experiments showed that the above concentrations of ago- 
nists exerted maximal effects on [Ca2+] i in VSMC. The 
maximal increase in [Ca 2+ ]i was assessed to evaluate the 
effects of the agonists [16]. 
Data are presented as the mean + S.E. Results were 
tested for statistical significance using the Mann-Whitney- 
Wilcoxon test. Two-tailed P values less than 0.05 were 
considered to be significant. 
3.  Resu l ts  
Resting [Ca 2+ ]i in VSMC was 73 _ 5 nmol/ l  (n = 71). 
AVP increased [Ca2+] i by 143 _ 23 nmol/ l  (n = 16). As 
shown in Fig. 1, in the absence of extracellular Mg 2÷ the 
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Fig. 1. Effects of different extracellular Mg 2+ concentrations ([Mg 2+ ]o) 
on changes in cytosolic free Ca 2+ concentration ([Ca 2+ ]i) in vascular 
smooth muscle cells induced by 100 nmol/1 arginine vasopressin (AVP). 
(A) Representative tracings from 16 and 7 similar experiments showing 
the [Ca 2+ ]i response toAVP in the presence (1) and absence (2) of 
extracellular Mg 2+. (B) AVP-induced changes in cytosolic free Ca 2+ 
concentration (A[Ca 2+ ]i) with different [Mg 2+ ]o in the presence and 
absence ofextracellular Ca2+. Data are means _+ S.E. 
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Fig. 2, Effects of different extracellular Mg 2÷ concentrations ([Mg 2÷ ]o) 
on changes in cytosolic free Ca 2÷ concentration ([Ca 2+ ]i) in vascular 
smooth muscle cells induced by 500 nmol/l  thapsigargin (Thap), (A) 
Representative tracings from 6 and 5 similar experiments showing the 
[ Ca2÷ ]i response to thapsigargin the presence (1) and absence (2) of 
extracellular Mg 2+. (B) Thapsigargin-induced changes in cytosolic free 
Ca 2+ concentration (D [Ca 2÷ ]i) with different [Mg 2+ ]o in the presence 
and absence of extracellular Ca 2÷. Data are means ± S.E. 
AVP-induced [Ca 2+ ]i increase was significantly enhanced 
compared to control conditions (265 + 49 nmol/1, n = 7, 
P < 0.05). In the presence of a high extracellular Mg 2+ 
concentration (10 mmol/1) the AVP-induced [Ca2+] i in- 
crease was similar to that observed with 1 mmol/1 extra- 
cellular Mg 2+ (123 + 39 nmol/1, n = 10). 
Next the effect of extracellular Mg 2+ Qn the AVP-in- 
duced Ca 2+ release was investigated (Fig. 1). In the 
absence of extracellular Ca 2÷ the AVP-induced [Ca2+]i 
increase was significantly lower compared to control con- 
ditions in the presence of 1 mmol/1 Ca 2+ (80 _ 15 nmol/1, 
P < 0.05, n = 12). In the absence of both extracellular 
Ca 2÷ and Mg 2+, the AVP-induced Ca 2+ release was 
54 + 10 nmol/ l  (n = 7, P < 0.05 vs. response in control 
medium, n.s., vs. Ca 2÷ free medium). 
In another series of experiments, the influence of 
[Mg 2÷ ]o on the changes in [Ca > ]i induced by the specific 
inhibitor of sarcoplasmic Ca 2÷ ATPase, thapsigargin, was 
tested (Fig. 2). The thapsigargin-induced [Ca 2÷ ]i increase 
was 91 _ 14 nmol/ l  (n = 6). In the absence of extracellu- 
lar Mg 2÷ the thapsigargin-induced [Ca2+]± increase was 
significantly enhanced compared to control conditions 
(206 + 24 nmol/1, n = 5, P < 0.05). In the presence of a 
high extracellular Mg 2÷ concentration (10 mmol/1) the 
thapsigargin-induced [Ca2+]± increase was also similar to 
that observed with 1 mmol/1 extracellular Mg 2÷ (79 + 15 
nmol/1, n = 5). 
Next the effect of extracellular Mg 2+ on the thapsigar- 
gin-induced Ca 2+ release was investigated. In the absence 
of extracellular Ca 2+ the thapsigargin-induced [Ca 2+ ]i in- 
crease was significantly lower compared to control condi- 
tions in the presence of 1 mmol/ l  Ca 2+ (46 + 4 nmol/1, 
n = 5, P < 0.05). In the absence of both extracellular 
Ca 2+ and Mg 2+ the thapsigargin-induced Ca2+ release 
was 45 + 7 nmol/ l  (n = 6, P < 0.05). Furthermore, an 
increase of [Mg2+] o to 10 mmol/1 did not change the 
thapsigargin-induced cellular Ca 2+ release significantly 
(Fig. 2). 
Furthermore, it was of interest whether the [Ca2+]± 
response other vasopressor agonists is modulated by 
[Mg2+] o, similar to the AVP response. Fig. 3 shows the 
influence of changes in [Mg 2+ ]o on the [Ca 2+ ]i response 
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Fig. 3. Effects of different extracellular Mg 1+ concentrations ([Mg 2+ ]o) on changes in cytosolic free Ca 2+ concentration (A[Ca 2+ ]i) induced by 100 
nmol/l  angiotensin II (Ang II), 1 /xmol/1 5-hydroxytryptamine (5-HT) and 1 /zmol/l noradrenaline (NA) in normal medium. Data are means ± S.E. 
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to angiotensin II, noradrenaline and serotonin. The re- 
sponse to angiotensin II was increased by extracellular 
Mg 2+ deprivation similarly to the AVP response, but the 
effects of noradrenaline and serotonin were not signifi- 
cantly altered by changes in [Mg 2÷ ]o. 
4. Discussion 
Numerous tudies were done on the effects of extracel- 
lular Mg 2÷ on vascular contraction. Mg 2+ deprivation 
was found to increase resting vascular tone and to enhance 
the contraction induced by several vasopressor hormones, 
including angiotensin II and noradrenaline [7]. Several 
Mg 2÷ actions on cellular Ca 2÷ handling have been de- 
scribed [19], but the effects of [Mg2+] o on [Ca2+] i after 
agonist stimulation have less clearly been delineated. 
Therefore, the present study aimed to clarify whether the 
enhancing effect of Mg 2÷ deprivation on agonist-induced 
vasoconstriction can be explained by enhanced [Ca2+] i 
responses. The findings reveal that extracellular Mg 2÷ 
deprivation indeed influences the [Ca2+] i responses of 
some, but not of all vasopressor agonists profoundly. The 
[Ca2+]i responses of Ang II, AVP and thapsigargin are 
increased by extracellular Mg 2+ deprivation, but the re- 
sponses to noradrenaline and serotonin are not signifi- 
cantly altered. This different behavior suggests that the 
mechanism of the enhanced [Ca 2÷ ]i responses in Mg 2 +-free 
medium is incompletely explained by assuming a general 
inhibitory effect of extracellular Mg 2+ on transmembrane 
Ca 2÷ channels. Since in Ca2+-free medium Mg 2+ depriva- 
tion has no significant effect on [Ca2+] i responses to any 
of the agonists, [Mg 2÷ ]o appears mainly to modulate Ca 2÷ 
influx, but not cellular Ca 2+ release. The different behav- 
ior of the [Ca2+] i responses to the agonists may reflect 
different Mg 2÷ actions on the subtypes of transmembrane 
Ca 2÷ channels. For example, thapsigargin was found to 
induce a cGMP-sensitive transmembrane Ca 2+ influx in 
pancreatic acinar cells [20]. In myocardial cells, [Mg 2+ ]o 
decreases the activity of T type Ca 2+ channels [21]. Alter- 
natively, a different activation of second messenger path- 
ways by the agonists used may explain the findings. Ang II 
and AVP activate both the IP3-sensitive Ca 2+ release from 
cellular stores via G proteins and phospholipase C activa- 
tion, and the opening of transmembrane Ca 2+ channels. 
Compared to Ang II, noradrenaline induces a more pro- 
nounced cellular Ca 2÷ release and a less intense Ca 2+ 
influx [22]. Since only the Ca 2÷ influx component is 
enhanced by Mg z+ deprivation, it is conceivable that the 
noradrenaline response is less Mg2+-sensitive. Similarly 
the relative lack of Mg 2÷ sensitivity of the 5-hydroxytryp- 
tamine response may be explained, although there is less 
clear-cut information on the relative importance of both 
pathways. 
The AVP-induced [Ca2+]i increase occurs much more 
rapidly than the thapsigargin-induced [Ca2+]i increase. 
This difference is not unexpected, since the thapsigargin- 
induced [Ca e+ ]i increase reflects the slow leakage of Ca 2+ 
from the sarcoplasmic reticulum and through the plasma 
membrane, which is no longer counterbalanced by the 
action of the sarcoplasmic Ca 2+ ATPase. On the other 
hand, both the agonist-induced Ca 2+ influx and the IP 3- 
sensitive Ca 2+ release occur much more rapidly. 
From the present findings it cannot be decided whether 
cellular Ca 2+ handling is modulated by [Mg2+] i or 
[Mg2+] o. Gilbert D'Angelo et al. [4] found that the 
[Mg2+]o-dependent changes in vascular tone were not 
associated with changes in [Mg2+]i. On the other hand, 
[Mg2+]i in VSMC was shown to depend on [Mg2+] o [5]. 
In myocardial cells, a role of [Mg2+] i in regulating Ca 2+ 
channel activity has been put forward [23]. 
In summary, the present study demonstrates that the 
changes in [Ca 2+ ]i induced by various agonists are modu- 
lated by [Mg2 + ]o- The findings thus explain the well-known 
effect of [Mg 2÷ ]o on vascular contraction. 
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